Drawing inspiration from the structure of shark skin, the authors are building a system to reduce drag along a surface. I n today's cost-conscious air transportation industry, fuel costs are a substantial economic concern. Drag reduction is an important way to increase fuel efficiency and reduce these costs. Even a 5% reduction in drag translates into estimated savings of millions of dollars in annual fuel costs.
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Organized structures that play an important role in turbulence transport may cause large skin friction drag. Commonly observed near-wall streamwise vortices cause high drag in turbulent flows (Figure 1 , next page). The interaction of these vortices, which appear randomly in both space and time, with the viscous layer near a surface creates regions of high surface shear stress. This stress, when integrated over a surface, contributes to the total drag.
Previous attempts to reduce drag by controlling turbulent flows focused on ways to prevent the formation or limit the strength of these vortices. However, the microscopic size of these vortices, which decreases as the Reynolds number of the flow increases, has limited physical experimentation. Further limiting analytical approaches is the inherent complexity of the nonlinear NavierStokes equations.
Can biology tell us something?
In many complex problems, we often find inspiration by observing how nature has evolved biological systems. For drag reduction, deep-sea sharks serve as potential biological models because they are highly evolved predators with a 350-million-year lineage. Deep-sea sharks (for example, hammerheads) swim as fast as 20 meters per second (72 kilometers per hour) in deep water. The exact physiology of these species remains a mystery because they are difficult to study: Replicating the deep-sea setting in a controlled environment is difficult.
Biologists know, however, something about the scales (dermal denticles) that cover the shark's skin. Only recently, researchers' found that a denticle has a microscopic structure ( Figure 2 ). The natural argument about evolution would lead one to conclude that the scales' structure assists a shark's movement, perhaps indicating some method of drag reduction.
The entire question of active control of shark skin is speculative. Biologists hypothe&e2 that sharks actively move their denticles. Indirect evidence of this is twofold. The denticles connect to muscles underneath the shark's skin, The total number of mechanoreceptive pressure sensors (pit organs) and their placement on a sharks body positively correlate with the speed of the species. For good active control, the shark may need many sensors to relay the current condition over its body. Although questions remain about sharks using active control, we concluded from this biological example that it may be beneficial to use controlled microscopic structures to reduce drag.
How small is small? By examining drag patterns in a wind tunnel at velocities between 10 and 20 m/s (36 and 72 km/hr), we narrowed the scope of the problem to extract usable statistics. The draginducing vortex pair streaks vary as the Reynolds number of the flow changes. A typical airflow of 15 m/s (54 km/hr) in the wind tunnel achieves a Reynolds number of about 104. This, in turn, gives the vortex streaks a statistical mean width of about 1 millimeter. The length of a typical vortex streak can be about 2 centimeters for a 20-to-l aspect ratio. The average spacing between streaks is about 2.5 millimeters, and the mean rate of appearance of the streaks is approximately 100 Hz. A chaotic process best describes the appearance and disappearance of these vortex pairs.
Numerical simulations demonstrated that suppressing the interaction between streamwise vortices and the wall3 achieves significant drag reduction (about 25%). These experiments in computational fluid dynam- its incorporated active feedback control to achieve this goal. Our experimental control scheme involved blowing and suction at the wall according to the normal component of the velocity field. This normal component (at a small distance from the surface in a parallel plane at y + = 10) is sensed in the nearwall region away from the surface (see Figure 3 ). Apparently, a simple control law that pushes the areas of high shear stress away from the wall helps minimize the overall drag. This observation formed the basis for the system we wanted to build.
System details
We wanted to combine the technologies of silicon micromachining and analog VLSI to build an integrated system that actively strives to reduce surface drag. We used micromachining technology to construct fluid sensors and actuators on the same scale as the vortex pairs. To build the dense circuits required to process signals in real time for an integrated system, we used analog VLSI technology.
Our system ( Figure 4 ) incorporates VLSI control circuitry along with microscopic sensors and actuators that can actively deform a surface to reduce drag. Figure 4 shows the physical layout of our system-both sensors and actuators cover the surface controlled by circuitry underneath.
Circuits process the signals from the sensors to find regions of high shear stress. This detection process uses information about the spatial and temporal nature of the streaks. First, the long and narrow aspect ratio leads to building "column"-oriented templates for streak detection. We organized the sensor outputs into thin feature detectors oriented in the direction of the airflow. When several sensors in a column (or channel) register either a larger or smaller output than their neighbors in a spanwise direction, this difference accumulates. If this accumulated difference exceeds a threshold, a vortex pair streak may be present in that column. The appropriate control action raises the associated actuator.
Micromachined components.
We used silicon micromachining technology for the microsensors and microactuators4" Circuits. Figure 9 's diagram (next page) shows the information flows in the detection-control chip. A nonlinear filtering network connects the amplified outputs of the shear stress sensors. The filtering preserves large differences between adjacent sensors while smoothing away small differences. The comparison and aggregation operations correspond by columns to different actuators. Once the aggregated signal exceeds a threshold, the system drives the actuator.
A discrete constant temperature circuit ( Figure 6 ) controls the shear stress sensor. This circuit maintains a constant temperature on the heated wire by balancing a bridge. The amplified voltage feedback signal is the output; the overall circuit gain is about 20. Microactuator. This device' ( Figure  8 ) is a thin plate raised via magnetic actuation. Current moving through a metal coil in the external magnetic field is enough to cause up to a lOOpm deflection, However, the microactuators suffer from the lack of a high mechanical bandwidth. In theory, the resonant frequency of the actuator is about 1 kHz; however, at the present time only a lOO-Hz bandwidth can be demonstrated physically. a pull-down transistor to trigger the actuator. We used the 2.0-pm CMOS process (that is, Orbit Semiconductor N-well) available through MOSIS to fabricate the detection-control chip shown in Figure 16 .
System testing
We used several different experiments to test various system components. First, signal generators presented synthetic signals to the detection-control chip to validate output, Second, mechanical actuators generated known disturbances to verify the response of the system operating in the wind tunnel's laminar regime. Third, the system interacted with a fully turbulent channel flow in the wind tunnel to observe system response.
Results. The overall delay of the processing system is about 40 l.ts. The amplifier (Figure 11 ) has a gain-bandwidth product of approximately 500 l&Iz with the transistors operating in the subthreshold region. The buffer (Figure 12 ) has a full-power, lOO-kHz bandwidth. We set the HREs bias to 0.5 V, which corresponds to minimal spreading. We also set the antibump circuit bias for a 16o-mv dead zone. The delay of the circuits in Figure 14 and Figure 15 accounts for the remainder of the time delay. The actuator driver can sink about 30 mA at a 1-V drop.
Sample test of system in laminar flow. This experiment consisted of generating a periodic disturbance in a laminar flow to check the response of the signal processing and the actuator movement. We used a macro-size actuator driven by a signal generator to create the disturbance. The perturbation frequency is about 7 Hz, which is reasonable for microactuator response. Figure 17 shows this experiment.
Another experiment ensured that the microactuators can, in fact, reduce drag. We conducted this experiment (depicted in Figure 18 ) in the laminar-flow regime with an artificially generated vortex pair. Using a periodic driving signal on the actu-Shear stress sensor output ~coaaocy -Ncu@3@l*mlowcu~ OTrrNoNNNNdN~N~d~ 0000 0000 0000 0 (4 Position (m) Figure 19 . Graph of the output waveforms of one shear stress sensor (a) and the corresponding channel from the detection-control chip (b). We recorded the data in a fully developed turbulent flow.
ators, we measured about a 10% reduction in the average shear stress. This result, however, does not include the consideration of form drag, which would reduce the effectiveness. Turbulent drag performance. We designed this system to reduce the fully turbulent drag in our experimental setups and presented it with a fully turbulent airflow profile. The centerline velocity of our wind-tunnel channel varies between 10 and 20 m/s (36 and 72 km/hr). Figure 19 graphs the single-column system response. Figure 20 shows an image of the full field of 25 sensors and the partial five-sensor field used to generate the detectioncontrol output. Figure 21 plots the input-output relationship between wall shear stress and the actuator activation signal. Note that all large shear stress measurements have triggered actuator responses.
In this experiment, the microactuators do not yet have the mechanical frequency response to follow the actuation signals. Thus, we can only roughly estimate the drag reduction that our system provides. We recorded both the outputs of the shear stress sensors and those of the detection-control chip. From our data, we estimated the drag reduction at approximately 2.5%, assuming that the microactuators are about 75% effective in mitigating the high shear stress.
OUR ANALOG VLSI system interfaces with microfabricated, constant-temperature shear stress sensors. It detects regions of high shear stress and outputs a control signal to activate a microactuator. We are in the process of verifying the actual drag reduction by controlling microactuators in wind tunnel experiments.
We are encouraged that an approach similar to one that biology employs provides a very useful contribution to the problem of drag reduction.
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